Introduction
Ciguatera fish poisoning (CFP) is one of the most relevant seafood-borne illnesses worldwide (Litaker et al., 2010) . It is caused typically by the ingestion of warm water fish species claimed to bioaccumulate lipophilic ciguatoxins (CTXs) in the food web (Randall, 1958) . These compounds and other related biotoxins (maitotoxins, MTXs) are produced by benthic dinoflagellates of the genus Gambierdiscus (reviewed in Parsons et al., 2012) .
CFP is endemic across the tropical and subtropical Pacific, Indian Ocean and the Caribbean Sea Litaker et al., 2009; Tester et al., 2013) . Rarely fatal, the most common CFP symptoms include gastrointestinal (nausea, vomiting, diarrhoea), neurological (numbness in extremities, weakness, muscle pain) and cardiovascular disorders (Alexander et al., 2010) . These disturbances usually abate within a few days or weeks, although they may persist for considerable longer periods (months or years) in subsequent CFP relapses.
The latitudinal distribution of CFP, formerly considered tropical disease, has apparently migrated toward temperate areas in recent decades (Bravo et al., 2015; Toda et al., 2012) .
Gambierdiscus species were reported from non-tropical seas only recently Fraga et al., 2011; Nishimura et al., 2013) . In the last decade, several outbreaks of ciguatera affecting $100 people have been confirmed in the Canary Islands (Central Northeast Atlantic), following the consumption of local fishes (Boada et al., 2010; Bravo et al., 2015; Peréz-Arellano et al., 2005) . Currently, ciguatera constitutes a major alimentary concern in this temperate area where it has become a notifiable disease since 2015.
There is an urgent need to investigate the genus Gambierdiscus in the Canary Islands as a first step towards defining potentially CFP risk locations in the area. Defining the relationship between toxic cells with the detection of ciguatoxic fishes, allows a forward projection of health risks based on climate change trends. There is discussion about the apparent spreading of the distribution of Gambierdiscus as a direct consequence of increasing temperatures derived from climate change. Benthic dinoflagellates are understudied (Hoppenrath et al., 2016) but are now being sampled and studied in new locations. Frequent first reports in the current literature give the impression of range extensions for Gambierdiscus.
To now, three Gambierdiscus species (G. australes, G. excentricus and G. silvae) have been reported in the Canary Islands. Among them G. excentricus and G. silvae were described as new species (Fraga and Rodríguez, 2014; Fraga et al., 2011) from opportunistic samplings in La Palma, La Gomera, Tenerife and Gran Canaria Islands. This is an unexpected diversity for the genus Gambierdiscus given that, a priori and based on seawater temperatures, these islands are out of the typical range of distribution (Berdalet et al., 2017; GEOHAB, 2012; Litaker et al., 2010; Parsons et al., 2012) .
While fossilized cysts of Gambierdiscus have not been reported to our knowledge, it can be guessed from paleoclimate records that warmer environmental conditions like those from Miocene onwards ($23 Ma, the approximate time when current Madeira and Canary Islands were created), would have favored the thriving of warm water species. It must be mentioned that in the early Miocene the closure of the Tethys Sea interrupted the flow of tropical seawater through a circumequatorial current (Scotese, 1991; Stille et al., 1996) , and the closure of circumtropical seaways was effective after the formation of the Isthmus of Panama around 3 Ma (Schmidt, 2007) . Coincident with this closure, a global cooling started in the transition from Pliocene to Pleistocene and a significant intensification of the Northern Hemisphere glaciation occurred, intensely in the mid and high latitudes (Dowsett et al., 1996) .
These events led to the separation of the Tropical Indo-Pacific Ocean from the Atlantic Ocean and the subsequent environmental changes (Haug and Tiedemann, 1998; Lunt et al., 2008) caused vicariance in many groups of organisms. These organisms display patterns of genetic differentiation related to geography as do the benthic dinoflagellate genus Ostreopsis (Penna et al., 2010) , also found in tropical coastal macrophytes (Kooistra et al., 1992) .
The aim of the present study was to describe the geographical distribution, species abundance and composition of Gambierdiscus over a broad longitudinal scale in the Canary Islands. Despite the current mild climate conditions over the whole archipelago, the western islands (e.g. El Hierro) are more humid in their northern areas due to the influence of trade winds. These islands are also relatively younger than the oriental ones and have steeper topography. In contrast, the eastern islands (such as Fuerteventura and Lanzarote), have smoother relief and semiarid conditions are dominate, due to their older origin and close proximity to the Moroccan upwelling front. Based on these observations and our results, the origin and fate of Gambierdiscus populations in the Canary Islands are discussed.
Materials and methods

Field sampling
Macrophyte samples were taken from tidal ponds during low tide of by snorkeling up to a maximum depth of 3 m. Each sample was placed in a plastic bottle and shaken to detach epiphytes.
Afterwards, the gross materials were removed through a 300 mm opening nylon mesh and the remaining seawater was filtered again on a 20 mm nylon mesh to concentrate the samples. Aliquots were taken of live samples for isolation of specimens in the laboratory and in situ fixed with Lugol's acid solution and formaldehyde for identification and enumeration in the laboratory.
In one location (Puerto de La Estaca, El Hierro, Station "S", Table 1 ), samples were only obtained using the screen sampling method described by Tester et al. (2014) because no macrophytes were found in that area. These samples were only used for further culture isolation and species identification (molecular analyses) but quantitative data were not obtained. Briefly, it consisted in a 9 Â 15 cm rectangular piece of fiberglass, attached to a fishing line and suspended in the water column within 30 cm of the seabed using a weight and a plastic bottle partially filled with seawater as subsurface float. After deployment at low tide, the screens were allowed to passively sample for 48 h before being retrieved. The screens were transferred underwater to a jar and processed in the same way as macrophyte samples.
Seawater temperature was measured by means of a CastAway CTD (YSI, USA) or by an alcohol thermometer.
Sampling strategies
Two sampling strategies were followed in order to study the spatial and temporal variations of Gambierdiscus distribution.
Spatial study
A total of 128 macrophyte samples were collected in 31 stations by snorkeling or directly by foot in tide pools, all of them in rocky shores and beaches of five islands (El Hierro, Tenerife, Gran Canaria, Fuerteventura and Lanzarote), during September-October 2015 ( Fig. 1 , Table 1 ). The sampling stations were visited only during low tide and samples were taken from high level tide pools to upper infralitoral zone (accessible by foot or simple snorkeling at <3 m depth). From 2 to 8 samples of different macrophyte species were collected from each station trying to gather the most representative material from each sampling location. When possible each sample contained one specific macrophyte, however many times there were a mix of seaweeds. In addition, opportunistic samples were collected in winter: one sample from 11 stations in La Graciosa (Chinijo archipelago, north Lanzarote) in March 2015, and 10 samples from Caleta de Arriba (Gran Canaria) in December 2015 ( Fig. 1 , Table 1 ).
Temporal study
During one year-round (December 2014-November 2015) samples were collected once a month at intertidal ponds mainly at three locations: Punta del Hidalgo, Playa de Las Américas and Alcalá, following the same procedures described for the spatial study.
Cell isolation and cultures of Gambierdiscus spp.
Isolation of live Gambierdiscus cells was carried out by a capillary pipette with the aid of a Zeiss Invertoscop D microscope (Carl Zeiss AG, Germany) and isolated cells were incubated in 96 microwell plates in half strength K medium (Keller et al., 1987) made with seawater from Ría de Vigo, Spain, with a salinity adjusted to 32 and incubated at 25 C and under an irradiance of about 90 mmol quanta m À2 s À1 of PAR measured with a QSL-100 irradiameter (Biospherical Instruments Inc. San Diego, CA, USA), at a 14:10 L:D photoperiod. Cultures of Gambierdiscus (n = 68; Table 1) were obtained and deposited at the Culture Collection of Harmful Microalgae (CCVIEO) of the Instituto Español de Oceanografía in Vigo.
Cell enumeration and light microscopy
Formaldehyde fixed epiphyte samples were stained with the fluorescent dye Calcofluor White M2R (Fritz and Triemer, 1985) to stain the dinoflagellate thecae, and were counted under an Axiovert 125 epifluorescence inverted microscope (Carl Zeiss AG, Germany) with UV excitation and a UV filter set. Quantitative data were obtained for Gambierdiscus species and qualitative analyses of the accompanying dominant dinoflagellates were recorded too. Gambierdiscus abundance was expressed as cells per gram blot dry weight of host macrophyte (abbreviated as cells g À1 in the results section). For this purpose, weight measures were taken on macrophytes after being blot-dried (draining overnight over soft laboratory paper).
Sample preparation for SEM
Exponentially growing cultures (5 mL) were fixed with glutaraldehyde at a final concentration of 2%. After two hours at room temperature, they were rinsed three times with distilled water and dehydrated in a series of 30, 50, 75, 95 and 100% EtOH followed by Hexamethyldisilazane. After being air dried overnight, they were coated with gold with a K550 X sputter coater (Emitech Ltd., Table 1. Ashford, Kent, UK) and observed with a FEI Quanta 200 scanning electron microscopes (FEI Company, Hillsboro, OR, USA).
DNA extraction
Samples from cultures and single cells of Gambierdiscus were analyzed as follows. Exponentially growing cultures (1.5 mL) were harvested by centrifugation (13,000 rpm, 2 min) using an Eppendorf 5424R centrifuge (Eppendorf AG, New York, USA), the cellular pellets were rinsed in 1 mL distilled water, centrifuged again and the supernatant discarded. Samples were frozen overnight at À20 C and DNA extraction was done either using a modified Chelex procedure as described in Fraga and Rodríguez (2014) or the following CTAB protocol adapted from Doyle and Doyle (1987) .
Briefly, cellular pellets were mixed with 700 mL of CTAB buffer solution premixed with 3 mL of mercaptoethanol and 30 mL of proteinase K. Samples were thawed three times in N 2 and incubated (65 C, 1 h) with agitation. Tubes were left at room temperature during 10 min and 700 mL of chlorophorm:isoamyl alcohol (24:1) were added. 1.5 vol of 96% ethanol and 0.1 vol. of sodium acetate 3 M, pH 5.2 were added and samples kept overnight at À20 C. After a centrifugation step (13,000 rpm, 15 min, 4 C), pellets were rinsed with cold 70% ethanol, centrifuged again in the same conditions and dried at room temperature. DNA samples were eluted in TE buffer (25 mL), quantified and checked for its purity in a Nanodrop Lite spectrophotometer (Thermo Scientific, Waltham, MA, USA), and stored at À20 C until further processing. In the case of single cells of Gambierdiscus, these were picked up with a micropipette (both alive or Lugol's fixed individuals from field samples), carefully washed in three distilled water droplets, and stored overnight at À80 C in 200 mL microtubes. Prior to direct PCR on these single cells, samples were heated at 94 C during 1 min in the thermal cycler.
PCR amplification and DNA sequencing
The D1-D3 and D8-D10 regions of the LSUrRNA as well as partial SSUrRNA genes were amplified using the pairs of primers D1R/LSUB, FD8/RB and EUKA/EUKB, respectively (Chinain et al., 1999; Litaker et al., 2003; Scholin et al., 1994) . Amplification reaction mixtures (25 mL) contained 1.25 mM MgCl 2 , 0.25 pmol of each primer, 2.4 mM of dNTPs, 0.25 units Taq DNA polymerase (New England Biolabs, MA, USA), and 1-2 mL from the DNA extracts. The DNA was amplified in a Surecycler 8800 thermocycler as follows: 4 min denaturing at 94 C, followed by 30 cycles of 30 s denaturing at 94 C, 1 min annealing at 54 C and 2 min elongation at 72 C, with an elongation step of 10 min at 72 C. A 10 mL aliquot of each PCR reaction was checked by agarose gel electrophoresis (1.5% TAE, 80 V) and GelRed TM nucleic acid gel staining (Biotium, Hayward, CA, USA). The PCR products were purified with ExoSAP-IT (USB Corporation, OH, USA). Purified DNA was sequenced using the Big Dye Terminator v3.1 Reaction Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA) and migrated in an AB 3130 sequencer (Applied Biosystems) at the CACTI sequencing facilities (Universidade de Vigo, Spain) and the LightRun TM sequencing service (GATC Biotech AG, Germany). The amplified LSUrRNA and partial SSUrRNA gene sequences obtained in this study were deposited in GenBank (for accesion numbers see Table S1 in the online version at DOI: 10.1016/j.hal.2017.06.009, Figs. 5 and 6).
Phylogenetic analyses
Sequences were inspected and aligned using MEGA 7 (Kumar et al., 2016) . Net average genetic distances (dA = dXY À (dX + dY)/2), where dXY is the average distance between groups X and Y, and dX and dY are the mean within-group distances (Nei, 1987) , were calculated between Gambierdiscus clades for the original alignments using MEGA 7. It must be remembered that an important assumption behind the Nei genetic distance method is that the divergence rates among species are equivalent. D1-D3 and D8-D10 LSUrRNA and SSUrRNA alignments included 1169 and 902 and positions, respectively. Phylogenetic model selection (ML) was performed on MEGA 7. A K2 + G model was selected in D8-D10 LSU phylogeny (gamma shape parameter g = 0.50), while K2 + I + G (I = 0.23, g = 0.51) was selected in D1-D3 LSU phylogeny. Several sequences from genus Fukuyoa were used to root the trees. The phylogenetic relationships were also determined using Bayesian phylogenetic inference and in this case the substitution models were obtained by sampling across the entire general time reversible (GTR) model space following the procedure described in Mr. Bayes v3.2 manual. Bayesian trees were performed with Mr. Bayes v3.2 (Huelsenbeck and Ronquist, 2001 ) and the program parameters were statefreqpr = dirichlet (1,1,1,1), nst = mixed, rates = gamma. The phylogenetic analyses involved two parallel analyses, each with four chains. Starting trees for each chain were selected randomly using the default values for the Mr. Bayes program. The corresponding number of unique site patterns for D1-D3 and D8-D10 LSU alignments were 739 and 310, respectively. The number of generations used in these analyses was 1,000,000. Posterior probabilities were calculated from every 100th tree sampled after log-likelihood stabilization ("burn-in" phase). Maximum Likelihood phylogenetic analyses were conducted in MEGA 7. Bootstrap values were estimated from 1000 replicates. Overall topologies by ML and Bayesian inference method were very similar. The phylogenetic trees were represented using the ML method with bootstrap values and posterior probabilities from the Bayesian inference.
Results
Gambierdiscus abundance and distribution
Cells of Gambierdiscus species were present in all Canary Islands sampled during the spatial study. However, remarkable differences were detected among the different islands both in relation to cell concentrations and to species composition. The two easternmost islands situated closest to African coast (Lanzarote and Fuerteventura) showed the maximum cell concentrations and higher mean values of Gambierdiscus spp. than the central and westernmost islands ( Fig. 2A, B) . So, the maximum values were recorded in eastern islands of Fuerteventura and Lanzarote with 4938 and 2067 cells g À1 alga respectively. Whereas in the western islands of El Hierro and Tenerife, maxima were of 459 and 85 cells g À1 macrophyte, respectively ( Fig. 2A) . In the geographically central island of Gran Canary, maximum concentration of 1759 cells g À1 alga was observed. Nevertheless, the distribution of Gambierdiscus spp. showed a high heterogeneity that can be drawn from the data in the islands with the highest concentrations (Gran Canaria, Fuerteventura and Lanzarote). That heterogeneity occurred both inter stations but also within stations, finding a high variability among stations as well as among samples from the same station (Fig. 3) . Thus, concentrations fluctuated from 4938 cells g À1 to 377 cells g À1 alga in Las Playitas (Fuerteventura), and no Gambierdiscus cells were found in samples from other stations in the same island as for example Castillo del Fuste (20 km northwards). Similar variations occurred in other islands (Figs. 2 and 3) . Other common dinoflagellate genera observed were: Prorocentrum (in 111 samples), Coolia (in 98 samples), Ostreopsis (in 99 samples), and others like Sinophysis and Vulcanodinium. Massive Ostreopsis spp. blooms were detected in several samples from Caleta Caballo (Lanzarote) with up to 28,117 and 151,499 cells g À1 alga.
In the temporal study at Tenerife, data from three stations (North: Punta del Hidalgo, South: Las Américas, and West: Alcalá) revealed maximum densities between 60 and 100 cells g À1 , usually recorded in the second half of the year (May-September). Although the low cell concentrations detected in this island do not allow a certain result about temporal distributions of Gambierdiscus, an association of cell peaks with the highest water temperature was observed. So, the cell peaks were associated to temperatures higher than 20 C (Fig. 4) . In opportunistic samplings during winter, Gambierdiscus was only observed in two samples (with a maximum of 28 cells g À1 ) out of 11 in La Graciosa in December 2015, whereas it was not detected in Gran Canaria in March in the same station where 1700 cells g À1 alga had been found during spatial study (September 2015).
Molecular characterization of Gambierdiscus from the Canary Islands
Molecular analyses on strains and single cell isolates (LSU & SSUrRNA sequencing) allowed identifying five Gambierdiscus species, namely G. australes, G. caribaeus, G. carolinianus, G. excentricus and G. silvae (Fig. 7) . Estimates of relative proportions between Gambierdiscus spp. are qualitative and based only on the number of ribosomal sequences retrieved from cultures and single cell isolates. The geographical distribution of species and their relative proportions are detailed in Fig. 2C . From these results, minoritary species such as G. caribaeus, G. carolinianus and G. silvae were only found in the westernmost sampled islands (El Hierro and Tenerife) although G. silvae had been observed previously in Gran Canaria where is the type locality of the species (Fraga and Rodríguez, 2014) . The dominant species, G. australes and G. excentricus were the only taxa detected in the other islands (Gran Canaria, Fuerteventura and Lanzarote) (Fig. 2C) . G. excentricus appeared to increase its relative proportion against G. australes from Gran Canaria to Fuerteventura and Lanzarote Islands (Fig. 2C) .
G. australes and G. excentricus were the dominant species in the Canary Islands, accounting for $95% (58 and 40 sequences, respectively) of the 111 sequences obtained in this study. The other Gambierdiscus spp. only contributed 6 sequences [G. caribaeus (n = 4) and G. carolinianus/G. silvae (n = 1 each)].
The phylogenetic analyses based on D1/D3 and D8/D10 regions of LSUrRNA are shown in Figs. 5 and 6, respectively. In the D8/D10 phylogeny it was noteworthy the high average net genetic distance (0.014) between the sequence from the strain VGO1258 (Punta del Hidalgo, Tenerife), and the rest of those in the G. australes clade (within distance: 0.002, n = 26). We labeled strain VGO1258 as Gambierdiscus ribotype 3 based on the fact that its genetic distance relative to the G. australes clade was similar or surpassed the boundaries ( < 0.010) between pairs of close Gambierdiscus species such as G. pacificus/G. toxicus and G. carpenteri/G. caribaeus.
SSUrRNA sequences identification is detailed in Table S1 in the online version at DOI: 10.1016/j.hal.2017.06.009. SSU phylogenetic tree was not elaborated given the different lengths for these SSUrRNA sequences (258-906 nt) and their specific identification was based on their best match against individual Gambierdiscus species in the GenBank database. Two G. excentricus [ Table S1 in the online version at DOI: 10.1016/j.hal.2017.06.009, 100% match with Acc. No. KP290887 (G. excentricus UNR8, Brazil, Nascimento et al. (2015) ) and four G. australes [ Table S1 in the online version at DOI: 10.1016/j.hal.2017.06.009, 0-3 mismatches with Acc. Nos. EF202971 and EF202986 (G. australes RAV92_2 and RAV92_3_8, North Carolina, (USA), Litaker et al. (2009) ).
Discussion
Canary Islands as a biodiversity "hotspot" of Gambierdiscus
Since its formal description, most studies on Gambierdiscus Adachi and Fukuyo (1979) have focused on CFP endemic areas, mainly in Caribbean and Pacific locations. It is not a surprise that most of species were described from these areas, the only exceptions being G. carolinianus from continental shelf of North Carolina, NW Atlantic (Litaker et al., 2009 ), G. excentricus and G. silvae from Canary Islands (Fraga and Rodríguez, 2014; Fraga et al., 2011) , G. scabrosus from Japanese waters (Nishimura et al., 2014) , and G. balechii from Indonesia (Fraga et al., 2016) .
Despite being originally described in the Pacific (Gambier Islands, French Polynesia), the genus Gambierdiscus was first observed (named as Goniodoma sp.) in Central East Atlantic, Cape Verde Islands, (Sousa e Silva, 1956) $1500 km southwest of Canary Islands. In recent years, three species, G. australes, G. excentricus and G. silvae were detected in that archipelago (Fraga and Rodríguez, 2014) , the former one being known previously only from the Pacific.
Though is common to detect several species of Gambierdiscus in the same area (GEOHAB, 2012; Tester et al., 2013) , Canary Islands represents a "biodiversity hotspot" with the finding of at least five species after the reports of G. caribaeus and G. carolinianus in this study. Such specific diversity was rather surprising given the small relative geographical extension of Canary Islands. Furthermore, a new Gambierdiscus ribotype 3, sister to G. australes was also retrieved in Tenerife, but the establishment of new cultures would be needed to confirm its taxonomic entity as a new species. For the sake of comparison, 6 species/ribotypes have been observed until date in the whole Caribbean Sea (Litaker et al., 2010; Tester et al., 2013) , excluding F. ruetzleri from the sister genus Fukuyoa (Gómez et al., 2015) , which was originally described as G. ruetzleri (Litaker et al., 2009) . Table S1 . New sequences from this study are in bold. Internal nodes supports are posterior probabilities (Bayesian analyses) and bootstrap values (Maximum Likelihood). Hyphens indicate bootstrap values <60.
Benthic communities and sampling of Gambierdiscus
Macrophyte populations were not examined into taxonomical detail on the course of this study. Therefore, a putative relationship between Gambierdiscus spp. abundance and macroalgal assemblages could not be ascertained. However, in the studied area, diverse macroalgal communities can be found in the marine eulittoral zone. These appeared dominated in most cases by red and brown taxa. Nevertheless, cyanobacterial and green algae assemblages can be also abundant in some occasions. In this sense, some shifts in the distribution and importance of non-native members of these groups associated with recent trends of warming in surface seawater temperatures have been already noticed (Sangil et al., 2012) , and the interactions in benthic habitats between macroalgae and phytobenthic communities should be explored to determine their potential role in the spatial and temporal distribution of Gambierdiscus spp.
The range of average densities of Gambierdiscus spp. in the present study (0-2,200 cells g À1 ), match and even surpass values common in CFP endemic areas in the Atlantic and the Pacific (Litaker et al., 2010; Parsons et al., 2012) , although these cannot be directly compared due to the methodological differences among studies (cells g À1 blot dry vs wet weight macrophyte). For example, Litaker et al. (2010) reported >85% average Gambierdiscus density estimates in both areas to be <1000 cells g À1 wet weight, and only <10% were in the range 1000-10,000. In the Canary Islands a recent bloom of Gambierdiscus, identified as G. caribaeus on the basis of morphological characteristics (SEM and light microscopy), has been reported in El Hierro Island (Soler-Onís et al., 2017) . Samples were collected in the harbor of La Restinga, from cnidarian colonies at 2 m depth, and attained even higher abundances than in our survey (up to 10 4 cells g À1 wet weight macrophyte). As above mentioned, care must be taken regarding the comparisons of Gambierdiscus abundance from different studies due to the problems inherent to the harvesting and quantitation of these organisms in benthic and seawater samples (Tester et al., 2014) . In the present work macrophytes were blot-dried as mentioned also by Lobel et al. (1988) . This procedure was chosen in order to eliminate as much as possible the variable seawater volume retained by each macrophyte. In turn, most of previous studies express Gambierdiscus abundance by wet weight of macrophyte, with no particular details on that methodological aspect. As far as we know, there is not yet consensus on a well-defined methodology to quantify epiphytic dinoflagellates, which would be advisable to facilitate comparisons between different studies.
CFP and Gambierdiscus distribution in the Canary Islands
Despite the wide geographical distribution of Gambierdiscus, particularly in tropical and subtropical latitudes (35 NÀ35 S), CFP had not been reported in the East Atlantic until 2004 when 5 people became intoxicated in Canary Islands (Peréz-Arellano et al., 2005) . Later, it was confirmed that ciguatoxic fish (amberjack) was purchased at a supermarket but captured off the northern coast of the Canary Islands (Boada et al., 2010) , near the Selvagens Islands (Portugal). In the Canary Islands, a total of 108 people have been affected by CFP after consumption of local fish during the period from 2008 to 2016 according to the Canary Islands Health Service (Canary-Islands-Health-Service). Amberjack (Seriola spp.) has been responsible of two out of three intoxications, whereas dusky grouper (Ephinephelus marginatus), comb grouper (Mycteroperca fusca) and bluefish (Pomatomus saltatrix) have been involved in other official cases registered by Canary Islands Health Service. CFP outbreaks and the identification of CTXs have also been reported in Selvagens Islands (Portugal), which are at 165 km North of the Canary Islands, from 2007 to 2009 (Gouveia et al., 2009; Otero et al., 2010) . Because ciguatera can be difficult to diagnose when it is not acute, previous cases not reported before the first diagnosis in 2004 in Macaronesia cannot be discounted As mentioned above, ciguatoxic fish in the Canary Islands include a number of species, mostly large migratory ones (amberjack: Seriola spp.). Nonetheless, sedentary species like dusky and comb groupers (Epinephelus sp. Mycteroperca sp.), which typically inhabit rocky reefs from shallow to deeper waters (150-300 m), have been responsible for most recent CFP outbreaks from 2012 onwards. This observation, coupled to our density estimates of Gambierdiscus spp. in Canary Islands, strongly support the idea that CFP in the region could be (at least in some cases) associated with the accumulation of CTXs in the marine food web acquired from local populations of Gambierdiscus.
Since CTX analyses are only available from neuro-2a assays in terms of CTX-3 equivalents (Bravo et al., 2015) , incorporate new evidence to substantiate the link between local populations of Gambierdiscus spp. and CFP in the Canary Islands, it is crucial to examine their toxic profiles using LC-HRMS analyses in both algae and ciguatoxin-containing fish. The available data on CTXs activity on predatory fish samples in the Canary Islands have been summarized by these authors, including the results of cytotoxic assays (neuro-2a) on 711 fishes between September 2011 and December 2014. In their work, Bravo et al. (2015) discarded any relationship between positive CTXs results and seasonal temperature during sampling (warmer or colder months). Approximately 10% of neuro-2a analyses were positive, especially in the case of samples from sport fishing (9 out of 25). Their conclusions were that there exists double the risk of catching a toxic fish in eastern islands (Lanzarote and Fuerteventura), than in western ones.
These conclusions by Bravo et al. (2015) are in agreement with the higher Gambierdiscus densities measured in our study in eastern islands, where Fuerteventura registered the average and maximum abundance in the spatial sampling. The abundance of G. excentricus, a highly toxic species (Pisapia et al., 2017) is also higher in the East than in the West. As detailed in the introduction, eastern islands display more arid conditions but also geological characteristics in their shoreline that could help to explain a relative higher abundance of Gambierdiscus spp. Lanzarote and Fuerteventura share a large shelf, especially wide in southern Fuerteventura, that provides a shallow well-lit substrate for the growth of benthic flora/fauna communities (plankton, fish, seaweeds, invertebrates), in comparison with a narrow shelf and steep shoreline along most western islands. Correspondingly, with current knowledge from CTXs assays on predatory fish and Gambierdiscus spp. populations, eastern islands seem to display a higher potential for ciguatoxic fish and risk of future CFP outbreaks.
Origin of Gambierdiscus in the Canary Islands
The presence of the genus Gambierdiscus in the Canary Islands could be derived either from an ancient settlement or a recent colonization. CFP outbreaks, only confirmed during the last decade, could be argued to support the recent colonization. Nevertheless, based on the results gathered from the present study (high biodiversity and widespread occurrence of Gambierdiscus), it is more likely that Canary Islands Gambierdiscus come from an ancient origin. This hypothesis is also supported by favorable warmer conditions in the Macaronesian region evoked by palaeoclimatological and fossil data (Fernández-Palacios et al., 2011) . Before the closing of Tethys Sea, the east to west circum-equatorial global marine current during the Neogene kept the Macaronesia biogeographical area with a tropical climate (Fernández-Palacios et al., 2011) , and these conditions could have sustained Gambierdiscus populations all along the region. Besides the continuous cooling since the Miocene, it is believed that many invertebrate species survived isolated in caves of the Canary Islands, being considered relicts of Tethyan origin (Iliffe et al., 1984) . The islands of Macaronesia have numerous endemisms which have been considered relicts of a Tertiary flora since early studies of the 19th century (Kondraskov et al., 2015, and references therein) , although this hypothesis is now questioned based on fossil data and molecular phylogenies of representative species of the Macaronesian laurisilva (Kondraskov et al., 2015) . Although most of the potential relicts are recent taxa, there is no doubt that the typical land ecosystems of the Canary Islands (such as the laurisilva, the Pinus forest and the thermophilous scrubland), already existed in the Miocene-Pliocene (Anderson et al., 2009) . In a similar way, we suggest that the current species of Gambierdiscus found in the Canary Islands could have been present in the area at least since the Neogene. The presence of warm water faunal species in Mio-Pliocene in sediments of the oldest Canary Islands, like reefal madrepores such as the genus Siderastraea, indicates that climate conditions then were similar to present-day conditions in the Caribbean Sea (Meco et al., 2007) , and an appropriate environment for Gambierdiscus.
Climate change and future trends of ciguatera in Canary Islands
The effects of climate change and its influence on recent CFP detection in Canary Islands are a matter of debate. Indeed, Macaronesian archipelagos (Azores, Madeira and Canary Islands), are experiencing climate warming trends during the last decades as summarized by the Institute for European Environmental Policy (Sauter et al., 2013) .
The Canary Islands are located in the eastern margin of the North Atlantic subtropical gyre (warm oligotrophic waters), in the coastal transition zone of the Canary Current Upwelling System (colder and productive waters). Thereby, a thermal gradient of about 0.5 C is observed between warm western and cold eastern islands (Navarro-Pérez and Barton, 2001) , gradually strengthened towards the African coast. (Bakun, 1990) hypothesized that as a consequence of the global climate change, an increase in upwelling favorable winds in the eastern boundary current systems could be expected. This trend has been proved in the Canary current system (Cropper et al., 2014; Sydeman et al., 2014) and hence a decrease in sea surface temperature could be expected with the increase of upwelling of cold subsurface waters. Nevertheless, as 90% of the total of the Earth's energy increase is in the oceans (Church et al., 2011) , their warming can be stronger than the upwelling related cooling with important biological consequences (McGowan et al., 1998) . An increase of 0.32 C/decade on the upper 600 m between the Eastern island of Lanzarote and the African coast was reported (Tel et al., 2016 ). An ongoing tropicalization process has been reported in the Canary Islands, including fish populations, seaweed and invertebrates (Bravo et al., 2015; Brito, 2008; Brito et al., 2005; Sangil et al., 2012) . Accordingly, the warming of land and oceanic temperatures has also been stressed by several authors (Luque et al., 2014; Tel et al., 2016) , demonstrating an acceleration since the mid-seventies, Independently of climate warming, seawater temperatures in subtropical latitudes like the Canary Islands are adequate for the growth of Gambierdiscus and other warm benthic dinoflagellates found elsewhere in our study (Ostreopsis, Coolia, Prorocentrum, Sinophysis, etc) . Nevertheless, during winter months seawater stays below 20 C, whereas available culture studies indicate that the optimal range of growth for Gambierdiscus spp. is $24-31 C (Kibler et al., 2012; Xu et al., 2016; Yoshimatsu et al., 2014) , with lower and higher limits of 15-21 C and 31-34 C depending on the studies. In the case of Gambierdiscus species found in the Canary Islands, data are available for G. australes, G. caribaeus, G. carolinianus and G. silvae (Kibler et al., 2012; Tawong et al., 2016; Xu et al., 2016) , with maximum growth rates between 25-31 C, but intraspecific variability among strains can be within the same range (e.g. G. caribaeus; Tawong et al., 2016) . Therefore, the expected temperature rise associated with climate change could likely contribute to extend favorable environmental conditions particularly during winter months, when seawater stays below 20 C. It is observed in the Pacific Ocean, where a good epidemiological dataset exists, that ciguatera is more prevalent where minimum sea surface temperatures are 24 C or above and maximum incidence rates are found when average sea surface temperatures are 28-29 C (Llewellyn, 2010) . The Canary Islands are below that lower limit set for the Pacific and the fact that at least five species of Gambierdiscus were identified in these islands could be considered an unexpected finding.
In our opinion, it cannot be discarded that ciguatera intoxications were overlooked prior to the first official ciguatera poisonings in the Canary Islands. The reasons could be that CFP outbreaks were ignored in the past given that their symptomatology, at least in mild intoxications, could be associated with common digestive disorders. It was not in vain that locals have asserted us that in some cases, doctors from endemic areas for CFP (such as the Caribbean region), familiar with the symptoms, have identified the clinical syndrome as ciguatera.
The socioeconomic impact of ciguatera on fisheries activity and public health in Canary Islands requires further efforts to implement a faster analytical response to detect CTXs in fish samples, and multidisciplinary research to depict the distribution, species composition, life cycle, ecology and toxicity of Gambierdiscus spp., as well as to track the fate of CTXs in coastal marine ecosystems, from small invertebrates to herbivorous and large predatory fish consumed in the Canary Islands.
Conclusions
The present study stated for the first time that Gambierdiscus spp. are a widespread, diverse and likely autochthonous component of the benthic microalgal communities in the Canary Islands. The large diversity detected suggests an ancient settlement and diversification of this genus in the area and not the result of a recent introduction. Furthermore, their relative high abundances, similar or even higher to those recorded in CFP endemic areas, support the possibility that toxic fish and ciguatera outbreaks in the region is due to local Gambierdiscus populations. The higher risk of catching fish with CTXs in the oriental islands of Lanzarote and Fuerteventura stated in the literature, agrees with the highest relative abundances of Gambierdiscus recorded in our study. In addition, G. excentricus (the largest species and the one with highest toxin contents detected up to now in the area), was usually the dominant species in the present study. As a consequence of the tropicalization trends in the Canary Islands due to the global climate change, a potential increase of CFP in this archipelago is likely to occur in the future.
